The time course of the appearance of cells showing a new phenotype, following treatment with a specific DNA, has been analyzed. A plot as a function of time of the number of cells showing the new property closely resembles the summation under a normal distribution curve. Describing the appearance of the new phenotype in these terms permits the definition of two parameters, the mean time, and the standard deviation of the distribution curve. This distribution is not affected either by the DNA concentration with which the transformable population has been treated, or by the streptomycin concentration with which the transformed population has been challenged. Interruptions of the expression process, by cooling to 20 ° or 0°C., serve only to displace the expression curves, without changing their shape, while small reductions in temperature change both the mean time of expression and the standard deviation of the distribution curve. On the basis of these observations a number of hypotheses have been examined concerning the mechanism whereby transforming DNA manifests a phenotypic alteration in the transformed cells. It can be concluded that there exist at least two stages in the process of expression. The completion of the first stage, causing the randomization, occurs with a mean time of about 60 minutes, and a terminal step, that of the transition of phenotype, occurs in less than 3 minutes.
hour before beginning to multiply at the same rate as the untransformed cells.
A detailed examination of the appearance of such transformed cells in the population as a function of time following the addition of the specific DNA has yielded some information about the process of phenotypic expression and has permitted the definition of two parameters concerned with this process (4) .
Methods
The basic procedure is as follows: About 2 X 106 cells/ml, strain R19 from an 8 hour blood broth culture of pneumococcus are incubated in a 37°C. bath in growth medium. 1 After about 2 hours, the exact time being chosen empirically so that a reliable yield of transformmats may be expected, the DNA isolated from strain RSt5b (high level streptomycin resistance, one step) is added. Five minutes later the unincorporated DNA is destroyed with a large excess of recrystallized DNAse. Thus, we are concerned with only those cells that have been affected during this 5 minute exposure to DNA. At various times thereafter, aliquots are removed, usually 0.5 ml., and added to an equal volume of growth medium containing streptomycin, such that the final streptomycin concentration is 450 gamma per ml. This concentration is sufficiently high so that virtually all the transformants that have not yet expressed their new property are quickly killed. After 1 hour of incubation these aliquots are 1 This medium based on that of Adams and Roe (8) 
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Time a~te_~ :DNA Cminute~) FIO. 1. The appenrance of cells resistant to 450 3'/ml. streptomycin, as a function of time following treatment of a transformable population with DNA from s streptomycin-resistant strain. the assay tube. Various adaptations of this procedure will be described with reference to the specific experiments in which they were used.
RESULTS
Under these conditions the first cells resistant to streptomycin and capable of giving rise to colonies of streptomycin-resistant cells appear about 15 or 20 minutes after the addition of the DNA. The total number increases very rapidly and then levels off to a plateau after about 90 minutes (Fig. 1) . 2. The observed kinetics could be accounted for if one assumed that on the average a transformable cell can take up more than one functioning DNA par-ticle conferring streptomycin resistance, and that the time of the appearance of the new characteristic in any given transformed cell is some inverse function of the number of such statistically distributed particles. Since the DNA concentrations that have been used cover a range such that the number of transformations is approaching a maximum possible number for this cell population, the distribution of transformed cells as a function of the number of DNA particles per cell would be expected to depend on the DNA concen- tration. Thus, this model would predict that the slope of the expression curve would change with DNA concentration. Fig. 2 shows an experiment in which the DNA concentration is varied over a factor of 20 in a concentration range below DNA saturation. It can be seen from Fig. 2 that the DNA concentration has no effect on this expression curve, thus excluding this hypothesis. For the sake of simplicity in comparing results of different experiments, the number of streptomycin-resistant cells at any given time after DNA addition is given as the fraction of the number that appear in the culture after 90 minutes for that experiment.
3. The absence of any effect of DNA concentration on the time of expression of transformed cells suggested that the expression could be regarded as an event of unknown nature occurring at random about a mean time in a given cell. An attempt was therefore made to compare the expression curve with a normal probability function.
If one now considers a function in which the time of phenotypic expression has a mean value and a normal distribution around this mean, then P would be the cumulative probability of expression and the standard deviation of the normal distribution would be a function of time. Probit values ~ corresponding to given cumulative values of probability have been tabulated (11) . By plotting such probit values as a function of time (Fig. 3) one can see the linear relationship between these parameters. This relationship suggests, therefore, that the event of expression of the new property is in fact random about a mean with respect to the time at which the event will occur.
The rate-limiting step at which such randomization with respect to time can occur may be any one in the sequence occurring between the initial incorporation of the DNA by the bacterium and the final manifestation of the new characteristic. It seemed possible to get some information on the nature of the rate-limiting step by observing the effect of temperature on the rate of expression of streptomycin resistance. If the rate-limiting step were a physical diffusion process, the DNA diffusing to a specific site within the cell, for example, then a randomization might be expected. Such a process might be expected to have a small temperature coefficient. To test this hypothesis transformed populations were cooled to temperatures of 0 ° or 20°C. for various intervals of time, beginning at various times after DNA was added. Since no expression occurs at these temperatures, if there were a rate-limiting thermal diffusion step in the process, then an alteration in the expression curve as a result of the accumulation of products of such a rate-limiting step might be expected when the population was returned to 37°C. Fig. 4 gives the results of an experiment demonstrating that temperature alterations served only to displace the expression curve by a time interval equal to the interval of cooling.
A normal distribution whose variance is 1 and whose mean is 0 is given by:
in which P is a probability for a given value of u in units of the standard deviation.
Integrating to find a cumulative probability for the occurrence of a given event whose deviation is u0 from the mean:
To simplify such considerations the probit unit has been arbitrarily defined as 5 plus (algebraically) the deviate u0 of the normal curve expressed in terms (units) of its standard deviation corresponding to a given cumulative value of a probability (10).
A similar effect is observed independent of the duration of this cooling. This excludes any temperature-insensitive rate-limiting step in the process of expression, such as thermal diffusion. The only treatments that have been observed so far to alter this expression curve without either preventing expression or drastically reducing the yield have been small alterations in temperature for the entire period of expression. Expression curves for 37 °, 33 °, and 29°C. (Fig. 5) show a change in slope as a function of temperature. There is, in addition to a later mean time of expression, a broader distribution of times over which expression occurs. Thus, the process of expression is the result of a still unknown event randomized with respect to time. It is impossible as yet to further describe the nature of this event.
If the transformed cells are members of the population synchronous with respect to their physiological state (9) , the time of the next division of such cells would presumably be distributed about a mean time. A crude comparison of the temperature coefficients of growth and expression suggests that division is not however the event that causes randomization of expression. Nonetheless, it is now possible to define quantitatively two parameters concerned with this process, first the mean time of expression under a given set of conditions, indicated by the time at which the expression curve crosses the probit value 5, and second, the slope of the probit curve which defines the spread of the normal distribution curve, Small changes in temperature have been shown to alter both the mean time and the spread of the distribution curve.
In order to exclude the possibility that the expression curves that have been described are a reflection of the kinetics of killing by streptomycin, the effects of challenging streptomycin concentration on these expression curves and on the killing of organisms under these conditions were examined. Fig.  6 shows the expression curves when various concentrations of streptomycin were used to select the transformed cells. Although there occurs a displacement along the time scale with increasing streptomycin concentration, the slopes remain essentially unchanged. Under the same conditions, the survival plot for sensitive cells can be separated into a lag followed by an exponential killing of the Cells. This is shown in Fig. 7 for the three concentrations of streptomycin that were used in the previous experiments. The slopes of the killing curves show a definite concentration dependence whereas the slopes of the expression curves show no such dependence. In addition, an examination of the duration of lag of the killing curves shows a similarity to the time displacements of the respective expression curves. It seems therefore that the displacement of the expression curves results from a failure of the streptomycin FIO. 6. The appearance of streptomycin-resistant cells, using (n) 507/mi., (o) 150 7/ml., (r3) 450 7/ml. as the challenging concentration of streptomycin.
to inhibit the expression process until the exponential killing begins, although division ceases immediately at such concentrations.
The observations that have been herein described made it possible to examine the streptomycin sensitivity of ceils in which transformation has been initiated but in which the new property has not yet appeared. This was accomplished in the following way: A transformable population was allowed a short exposure to DNA in the manner previously described and after 10 minutes various concentrations of streptomycin were added to aliquots of this population and then at frequent time intervals samples of these aliquots were diluted away from streptomycin into growth medium and incubated for 1~ hours, at which time the sample was scored for streptomycin-resistant ceils. Fig. 8 shows such a killing curve measured at two streptomycin concentrations. The slopes of these killing curves are very similar to the slopes of the killing curves of sensitive cells. Thus, transformed cells that have not yet expressed their new property are not significantly altered with respect to their sensitivity to streptomycin.
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• ~ lo-2 The time displacement of the expression curves can thus be almost entirely accounted for by the delay in action of streptomycin. It can therefore be concluded that the phenotypic manifestation of the genic action of the incorporated transforming DNA occurs abruptly. That is, the individual transformed cell proceeds from typical streptomycin sensitivity to relative streptomycin indifference in less than 3 minutes. The time at which this transition occurs is random about a mean time of 60 minutes after the incorporation of DNA. Because of the limits of resolution of the method, it is impossible to resolve any process occurring in less than 3 minutes. Beyond this time limita-tion there is no evidence for the accumulation of cells with intermediate levels of streptomycin resistance.
This analysis is consistent with, and perhaps to some extent explains, the previous description of the phenotypic expression of streptomycin resistance introduced by transformation of both H. influenzae and pneumococcus (5-7). The author wishes to thank Dr. Rollin D. Hotchkiss for his encouragement and stimulation during the pursuit of this investigation.
